ABSTRACT: Cuesta escarpment retreat is a principal mode of exhumation in regions of layered sedimentary rock. On the Colorado Plateau, this process acts as a mechanism for maintaining high-relief topography and facilitating drainage divide migration. Quantitative estimates of cuesta evolution are difficult to evaluate over glacial-interglacial timescales, and thus rates of geomorphic change along individual escarpments have mostly been constrained over millions of years. Several studies have addressed this problem by dating colluvium-mantled talus flatirons. However, this technique has not been applied systematically on the Colorado Plateau. This study quantifies geomorphic change along a single Colorado Plateau cuesta using 36 Cl surface exposure dating. We present 33 ages from a single generation of talus flatirons below the Coal Cliffs of central Utah. Landscape evolution is further constrained using 14 ages from in-situ bedrock, 3 ages from boulders on gully interfluves, and two ages from terrace alluvium. Results suggest a colluvial apron was deposited below the cuesta beginning as early as Marine Isotope Stage 3, and the latest depositional phase occurred near the Last Glacial Maximum. A switch from apron deposition to incision initiated flatiron formation sometime between 19.7 ± 2.5 and 11.8 ± 1.6 ka, broadly coincident with the transition from glacial to interglacial conditions. Our results have several important implications. Climatic changes during the end of the last glacial period appear to have shifted the balance between deposition and erosion below the Coal Cliffs, emptying the sediment reservoir at their base and increasing their height via bedrock incision. The climatic forcing could be imparted by several mechanisms, including local controls on debris generation / mobilization and base level changes exerted by transverse streams. Similar processes may have occurred during previous glacial-interglacial transitions, implying that the escarpment retreat processes may be partially modulated by orbitallycontrolled variations in Earth's climate over larger timescales.
Introduction
Cuesta escarpment retreat is a primary mode of landscape evolution in regions of layered sedimentary rocks. Within the Colorado Plateau physiographic province of western North America, where steep bedrock cliffs act as boundaries between large valleys and regional drainage basins, this process may be of particular importance. Several theoretical frameworks describing processes of cuesta retreat have been formulated (Koons, 1955; Ahnert, 1960; Howard and Kochel, 1988; Howard and Selby, 1994; Ward et al., 2011) . However, few datasets quantifying rates of lateral retreat or relief generation have been assembled (Sancho et al., 1988; Gutiérrez et al., 1998; Gutiérrez-Elorza and Martinez, 2001; Boroda et al., 2011; Abbott et al., 2015) . Not only are measured rates few and far between, but most have been calculated using indirect methods or averaged over timescales too large to resolve effects of specific geomorphic processes, rendering the response to tectonic or climatic forces indiscernible (Yair and Gerson, 1974; Young, 1974; Mayer, 1979; Cole and Mayer, 1982; Schmidt, 1980 Schmidt, , 1989 Young, 1985; Lucchitta and Jeanne, 2001; Coats et al., 2008; Young and Crow, 2014) . The scarcity of more finely-resolved temporal datasets may in part be due to poor preservation of Quaternary deposits with contextual positions within the landscape and their ability to be dated using modern geochronological techniques.
One approach to quantify cuesta processes is to study landforms at their bases. Colluvial aprons cover the footslopes of numerous cuestas across the Colorado Plateau. They consist of poorly sorted diamicts deposited and reworked by several processes including rockfall, debris flows, slope wash, and slumping. While some aprons are active depositional settings, others have been dissected by gullies and disconnected from the escarpment, quarantining them from sediment sources and creating relict surfaces called talus flatirons. These landforms have been recognized since the mid-20th century (Koons, 1955; Ahnert, 1960) , and yet only in recent years have a small number of flatiron sequences been quantitatively dated (Gutiérrez et al., 1998 (Gutiérrez et al., , 2015 Gutiérrez-Elorza and Martinez, 2001; Boroda et al., 2011 Boroda et al., , 2013 Gutiérrez-Elorza et al., 2013; Roque et al., 2013) . Though they are few in number, some available datasets reveal a link between talus flatiron formation and global climate (Gutiérrez et al., 2006 (Gutiérrez et al., , 2010 , demonstrating that numerically dated flatirons can be used both to quantify rates of cuesta evolution and interpret the driving mechanisms. To our knowledge, however, no such dating has been applied systematically on the Colorado Plateau.
We seek to constrain rates of geomorphic change along a single cuesta on the Colorado Plateau. Below the Coal Cliffs, a cuesta in central Utah, remnants of a dissected colluvial apron is preserved on hundreds of talus flatirons (Figure 1 ). Using cosmogenic 36 Cl collected from colluvial boulders on former apron surfaces, we constrain both the latest period of apron deposition and the onset of apron dissection. By establishing these dates, the rate of relief generation below the cuesta can be derived, providing insight into short and longterm rates of escarpment retreat.
Previous Work
Cuesta escarpments are some of the most prevalent features of continental landscapes. They are beveled into tilted bedrock and possess two major geomorphic components: a straight, vertical free-face and an underlying base sloping near the bedrock angle of internal friction (Figure 2 ). Where regional monoclines create staircase-like sequences of parallel cuestas, a shallow, low-relief area between adjacent escarpments may form, which we here call a 'bench'. Relief is maintained by a relatively hard, competent layer referred to as the 'caprock' overlaying mechanically weaker rocks below, shielding them from erosion. Over distances of 10 3 -10 5 m, the escarpments generally trend parallel to bedrock strike, causing them to have linear planimetric forms where regional dip is uniform. Caprock-derived colluvium accumulates below the free-face, accumulating into an apron. Due to the contrasting mechanical strength between the caprock and underlying units, colluvial debris armors the escarpment base, shielding it from erosion.
The role of cuesta retreat in landscape evolution has been investigated throughout the latter half of the 20th century, though it has received little attention compared with many other processes. Due to the caprock's role as an erosional buffer to the weaker, underlying rocks, retreat is strongly controlled by the style and pace of caprock erosion and affected by properties including lithology, caprock thickness, bedrock dip, and fracture spacing (Koons, 1955; Schmidt, 1980; Howard and Selby, 1994; Ward et al., 2011) . Early models of escarpment evolution assume retreat rates to be steady over timescales greater than rockfall reoccurrence intervals as debris is continuously generated and diffused outward from the free-face. This predicts that cuesta relief will continuously decrease through time as the free-face position migrates down-dip and the escarpments are buried by their own sediments. However, a new model including fluctuating retreat rates through intermittent episodes of free-face oversteepening, debris deposition, and debris removal was proposed by Koons (1955) and later supported by Schipull (1980) and Schmidt (1987) . According to this framework, retreat is accomplished in three cyclic steps: (1) erosion and removal of the debris apron exposes bare bedrock; (2) subsequent bedrock erosion results in an over-steepened free-face; and (3) rockfall induced by over-steepening retreats the cuesta and deposits a new apron. Whereas the earlier models require both escarpment relief and retreat rates to steadily decline, this process includes episodic bedrock incision at the base, allowing escarpment relief to be regenerated and retreat rates to fluctuate between high and low-intensity phases. The pace of this cycle has been conjectured to track orbital-controlled variations in Earth's climate (Gerson, 1982; Gerson and Grossman, 1987; Schmidt, 1989 Schmidt, , 1996 . Although qualitative observations of differential caprock weathering and debris distribution seemed to support this hypothesis (Ahnert, 1960) , no formal, quantitative tests were conducted until the end of the century.
A path to quantitative evaluation of cuesta evolution emerged from the debris aprons and their associated landforms. Talus flatirons, triangular slope facets whose upper reaches have been disconnected from the cuesta, have long been recognized on several continents (Koons, 1955; Ahnert, 1960; Schmidt, 1980; Gerson, 1982; Gutiérrez-Elorza and Martinez, 2001; Boroda et al., 2011; Gutiérrez-Elorza et al., 2013; Gutiérrez et al., 2015) . Each flatiron has two stratigraphic components: an underlying bedrock foundation and a thin overlying mantle of apron colluvium. Each flatiron reflects an individual cycle of apron deposition and erosion; as the cuesta retreats, new flatirons are created closer to the contemporary escarpment. Based on their elevation and distance from the modern escarpment, flatirons can be placed into a relative morphostratigraphic sequence.
The emergence of modern geochronological tools has permitted talus flatirons to be numerically dated. The earliest chronologies were assembled using radiocarbon from organic matter contained in apron sediments (Arauzo et al., 1996; Gutierrez et al., 1998; Gutiérrez-Elorza and Martinez, 2001) . These ages constrained deposition of individual flatiron aprons, but the incision and abandonment of those deposits could only be inferred by the depositional age of the next youngest flatiron. Later datasets incorporated optically-stimulated luminescence and cosmogenic nuclide dating techniques alongside radiocarbon to both address this issue and obtain more precise depositional ages (Gutiérrez et al., 2010 (Gutiérrez et al., , 2015 Boroda et al., 2011 Boroda et al., , 2013 Gutiérrez-Elorza et al., 2013; Roque et al., 2013) . Although very few chronologies have been assembled at present, many suggest a strong temporal correlation between talus flatiron formation and late Quaternary climate changes. Apron deposition is generally favored during cold and wet periods, while incision and abandonment occur during warm and dry intervals (Gutierrez et al., 1998 (Gutierrez et al., , 2015 .
Study Area

Coal Cliffs
The Coal Cliffs are a set of stratigraphically identical cuesta escarpments located mostly within Emery County, Utah (Figure 3) . They span about 100 km northeast to southwest, beveled into the Cretaceous Ferron Sandstone (caprock) and underlying Tununk Shale. Relief ranges between 20 and 200 m and generally decreases towards the northeast. Where individual cliffs are disconnected from each other, transverse (up-dip flowing) streams occupy broad valleys as they flow southeastward to their junctions with the Green and Colorado rivers. Interestingly, along an 8 km segment near Lawrence, UT, two cliff sections are disconnected not by a stream valley but rather by a zone where escarpment relief becomes negligible (see Migrating transverse escarpment section).
The Coal Cliffs are part of a staircase-like sequence of parallel cuestas along the western limb of the San Rafael uplift. Bench morphology is strongly controlled by the underlying Cretaceous Dakota Sandstone, which acts as the caprock of an adjacent cuesta to the southeast. Bench width generally ranges between 0.05 and 1.0 km and is a function of height and spacing between the two cuestas. Gullies sourced below the free-face exit the bench either through notches in the Dakota Sandstone or by merging with the southeast-flowing transverse streams.
Regional geology has likely played a crucial role during the most recent period of retreat. The Coal Cliffs are located within the Colorado River drainage basin, an extensively studied catchment due to its transient adjustment to Cenozoic epiorogeny (Hunt, 1956; Morgan and Swanberg, 1985; Spencer, 1996; McQuarrie and Chase, 2000; Pederson et al., 2002; Flowers et al., 2008; Karlstrom et al., 2012) and complex history of river incision and integration (Potochnik, 2001; Garvin et al., 2005; Dorsey et al., 2007; Cook et al., 2009; Lucchitta et al., 2011; Pederson et al., 2013 , Karlstrom et al., 2014 . They are located upstream of large knickzones in the Glen Canyon region hypothesized to accommodate transient base level adjustments related to incision of the Grand Canyon (Cook et al., 2009) and have not yet been affected by this signal. The transverse streams that cross the cuesta drain into three major tributaries of the Colorado-Green river system: the Price, San Rafael, and Dirty Devil rivers. While some of these streams possess only a few square kilometers of catchment area upstream of the cuesta, others extend into more distal reaches of the Wasatch Plateau, a relatively densely vegetated, higher altitude region with elevations over 3 km.
The greater region surrounding the study area is, for the most part, tectonically quiescent. The nearest zone of known Quaternary tectonics is located about 15 km northeast (upstream) in the Joes Valley fault zone (Figure 3(b) ), an 84 × 10 km, northeast-striking graben bounded by sub-vertical normal faults (Foley et al., 1986; Hecker 1993; Black et al., 2003; Lund, 2004) . Slip rates have been estimated at less than 0.2 mm yr -1 with the most recent deformation event loosely constrained within the last 750 kyr. Other faults mapped in the Wasatch Plateau are generally less than 20 km long with Quaternary slip rates also constrained at less than 0.2 mm yr 
Climate
Modern climates are variable across the Colorado Plateau, particularly at different altitudes. Elevations vary between about 1 and 3.5 km, permitting a full suite of biomes ranging from lowland deserts to alpine tundra. A latitudinal gradient in precipitation also exists, increasing from north to south due to relative strength of the North American Monsoon (Higgins et al., 1997) . In general, the Plateau receives most of its precipitation from the monsoon during July-August and also experiences another, smaller peak through February-March owing to cyclogenesis in the adjacent Basin and Range province (Richmond, 1987; Mock, 1996) . Mean annual precipitation is variable between locations, ranging from 140 to 590 mm based on observations between 1859 and 1983 (Richmond, 1987) . However, parts of the northwestern Colorado Plateau, including the Wasatch Plateau, exhibit a distinct contrast. Rather, these areas receive smaller amounts of monsoon moisture and also experience a precipitation increase during September-November, while the vast majority of the province exhibits the opposite trend (Mock, 1996 (Betancourt, 1984 (Betancourt, , 1990 Anderson et al., 2000) . Similar records also suggest increased moisture relative to modern values during these same time periods (Betancourt, 1984; COHMAP Members, 1988; Thompson et al., 1993) , perhaps due to increased monsoon precipitation (Holmgren et al., 2007; Coats et al., 2008) .
Talus flatirons (S 2 )
Talus flatirons are abundant below the southwestern-most 50 km of the Coal Cliffs. Their dimensions range between 100 and 600 m in length and generally 100-200 m in width, though a few are in excess of 400 m width (Figure 1 ). Both the flatiron surfaces and bedrock-colluvium contact dip away from the escarpment, nearly opposite to the regional bedrock dip direction. Exposures of the bedrock-colluvium contact are visible at a few locations but mostly obscured by regolith and float. While most other studies describe morphostratigraphic sequences comprising multiple flatiron generations, those in our study area appear to have all been dissected from the same original surface and only represent a single generation (S 2 ).
The drainage divide between the San Rafael and Dirty Devil rivers intersect the Coal Cliffs about 7 km southwest of Moore, UT (Figure 3) . Flatirons on either side of the divide have a sharp height contrast; those within the San Rafael catchment range between 6 and 25 m (though most are <16 m) while those in the Dirty Devil catchment range from 30 to 60 m. Bedrock under some flatirons located within the stream valleys between disconnected cliff sections appear to have undergone top-towards-escarpment rotation. This indicates that a period of valley widening partially compensated by bedrock rotational sliding and slumping preceded apron deposition.
Details of the apron stratigraphy are difficult to assess. Crosssectional outcrops are very few in number and difficult to access due to locally steep terrain. Sub-vertical faces are probably short-lived owing to weak consolidation of the materials. Therefore, sedimentological observations were made from distances up to several hundred meters from vertical exposures and supported by inferences based on float materials on flatiron flanks. Sediments mostly consist of poorly-sorted diamicts derived from the Ferron Sandstone (Figure 4 ). Grain sizes range from sand to boulders up to 3 m in diameter. Boulders are sub-angular to sub-rounded, and both angularity and boulder size generally decrease with increasing distance from the escarpment. Poor sorting and the lack of sufficient drainage area to generate run-off capable of transporting large boulders suggest that the sediments were largely deposited via colluvial rockfall and subsequent re-working by debris flows. No recent debris flows were observed on the modern Tununk bench.
Flatiron surfaces are littered with large caprock boulders. They generally range between 1 and 5 m in length and are significantly more angular than boulders within the apron mantle. The Ferron sandstone is 20-40 m thick throughout the field area and contains several massive sandstone beds from which most of the boulders appear to be sourced. Contrary to those in the sediment, there is no obvious relationship between boulder size and distance from the cuesta; boulders 4-5 m are uniformly distributed across the flatiron surfaces. Most are in direct contact with the surface and are not partially buried. The lack of rounding, size distribution, or smaller adjacent clasts suggests that most of the surficial boulders were not deposited by debris flows but rather by discrete rockfall events. Smaller clast sizes detached during these events have likely been weathered and transported away from the cuesta during the later phase of apron incision. Boulder concentration is mostly uniform along strike, suggesting that rockfall was largely stochastic and not significantly affected by subtle, spatial variations in caprock lithology.
Gully interfluves (S 1 )
Another type of landform below the cuesta provides additional insight into its evolution. Gullies filled with modern rockfall debris at the base of the escarpment are separated by interfluve hillslopes (S 1 ), some of which are mantled with caprock boulders ( Figure 5 ). These features extend outwards 20-50 m from the cuesta and range between 5 and 15 m relief and 2-5 m wide. They are well below the apron surface preserved on top of flatirons and must reflect a phase of deposition which postdates the onset of apron incision and S 2 abandonment. Boulders on these surfaces are similar in size and quality to those on the flatirons. Considering the S 1 surfaces are, unlike S 2 , still connected to the escarpment, it is conceivable that some of the boulders may have been deposited recently. However, this is extremely improbable; interfluve widths are comparable with boulder dimensions, suggesting that falling boulders would almost certainly bounce or roll into adjacent gullies. Rather, a more feasible model of their formation entails topographic inversion of the adjacent debris-filled gullies by lateral channel migration (Ward et al., 2011) . This process can occur autogenically, meaning that S 1 boulder deposition could be unrelated to any hypothetical, external forcings responsible for S 2 abandonment.
Migrating transverse escarpment (MTEs)
Cuestas serve an important role in the landscape by acting as local drainage divides. On either side of the escarpment, topography slopes in opposite directions and routes fluvial systems away from the free-face. As the cuesta retreats, drainage area is pirated from the catchment above the escarpment and added to the one below. This seems to be of particular significance where the divides separate not just local basins but also larger, regional catchments.
Interestingly, a different variety of divide migration may also play a role shaping the bench. Within a few kilometers of many transverse streams, several small (1-5 m) bedrock escarpments are beveled into the Tununk shale below the cuesta. They are oriented perpendicular to bedrock strike and face towards the transverse streams, spanning from the base of the free-face to the distal end of the bench. These features appear to be at least partially lithologically controlled, as they are confined to the Tununk shale and do not continue into either the Ferron or Dakota sandstones. Bench morphology is visibly dissimilar on either side of each escarpment. The upper side possesses a stable, low-relief surface with thick regolith and well-developed desert pavements, whereas the lower side appears geomorphically active with steep hillslopes, thinner regolith, and no pavements. Fluvial morphology also contrasts across the escarpments, with gully depths varying from a few centimeters to >3 m on the upper and lower sides, respectively.
We interpret these features to be transient adjustments to a drop in local base level. They likely form along transverse stream banks during phases of channel incision and subsequently propagate outward via the successive capture of discrete gullies and hillslope migration (Mudd and Furbish, 2005) . Upon entering the bench, they become confined by the adjacent, competent sandstones which help to guide them along strike like a kinematic wave. Thus, we hereafter refer to the escarpments as migrating transverse escarpments (MTEs).
Numerous MTEs are present along the entire length of the Coal Cliffs. As they propagate along the bench, each MTE increases total relief of the cuesta. The effects of this process are best emphasized along the previously mentioned 8 km zone near Lawrence, Utah ( Figure 6 ). Within this zone, relief is negligible across the Ferron-Tununk contact, and the cuesta essentially disappears. The zone is bounded on either side bỹ 10-m-tall MTEs propagating inwards towards each other. As each MTE migrates, the landscape transforms from a flat, lowrelief surface into a steep, 10-m-tall cuesta. Ultimately, the two MTEs may encounter each other and complete the landscape transition; this process may provide a geographically widespread mechanism by which relief is originally generated at lithologic contacts.
Methods
Geomorphic mapping
Geomorphic mapping was conducted using a combination of field and remote sensing techniques. Sets of talus flatirons, interfluves, and MTEs were initially observed, mapped, and qualitatively described in the field. Each observed feature could be distinctly and easily recognized with both Landsat 8 imagery and Utah State 5 m DEMs. Reproducibility of our field delineations using these datasets demonstrated that talus flatirons and MTEs could be precisely mapped using remote sensing software, and a complete geomorphic map of the entire cuesta was subsequently constructed (Figure 3(b) , Supplementary Figures S1-S3). Flatirons were easily distinguished within DEMs by their topographic relief and further verified with aerial imagery by a stark color-contrast between light tan apron sediment and dark grey Tununk shale. MTEs were also discernable as sharp changes in slope, color contrasts between desert pavements and dark Tununk surfaces, and gullies visible below the escarpments. Using qualitative observations of Google Earth imagery, potential 36 Cl sampling sites were pre-selected by identifying boulders most suitable for exposure dating. Selection was based on boulder size (largest boulders preferred to ensure minimal amounts of post-depositional erosion and reworking) and position on the flatiron (preferably on relatively low-gradient areas away from the flatiron edge to minimize the chance of sampling a boulder which has rolled or translated since deposition).
Cosmogenic 36
Cl sampling
Over the last few decades, surface exposure dating using terrestrial cosmogenic nuclides (TCN) has revolutionized our understanding of geomorphic processes. Since the initial conception of its geologic applications (Nishizumi et al., 1993; Bierman, 1994; Cerling and Craig, 1994; Gosse and Phillips, 2001) , nuclides including 10 Be, 26 Al, 14 C, and 36 Cl have been used to constrain glacial moraine development, river terrace deposition and abandonment, catchment-wide erosion rates, and soil evolution. While TCN dating has been extensively utilized to investigate a wide variety of geomorphic problems, its use on talus flatirons has been relatively sparse.
Previous attempts to constrain flatiron development have employed amalgamated desert pavement clasts (Boroda et al., 2011) and depth profiles below an apron surface (Boroda et al., 2013) .
We present a novel TCN application on talus flatirons. In order to constrain both the latest phase of deposition and onset of S 2 apron incision, we collect samples from a suite of boulders on the S 2 flatiron and younger S 1 interfluve surfaces. Exposure ages should ideally reflect the time at which each boulder was detached from the caprock and deposited on its respective surface. Those on flatirons must have been deposited prior to apron dissection, and therefore will constrain a maximum age of the onset of dissection. Interfluve boulder ages will further constrain the minimum time since the onset of dissection and provide an additional constraint on the variability in erosion rates across this time interval.
Flatiron samples were collected in two spatial assemblages: a northern group in the vicinity of Emery County Road 803 (Figure 7 Boulders were rigorously scrutinized in the field prior to selection for TCN sampling (Figure 8 ). Those located in the flatiron interior were preferentially surveyed, ideally situated on locally high and flat area to minimize potential effects of post-depositional rolling, reworking, or burial by snow and sediment. In order to mitigate those same sources of error, only boulders larger than 2 m width were sampled. Relative degrees of weathering were also considered during selection, and original bedding planes were targeted where available. Samples were collected from the uppermost 1-5 cm of each boulder using hammer and chisel, and topographic shielding was measured using an inclinometer.
In total, 32 boulder samples were collected from S 2 flatiron surfaces and 3 from S 1 interfluve ridges: 10 flatiron boulders from the northern site, 22 flatirons boulders from the southern site, and all three interfluve boulders from the northern site. All flatirons were completely disconnected from the cuesta, with two exceptions: one flatiron at the northern site (containing samples CCBL-20 and CCBL-21) and another at the southern site (containing samples 3, 4, 5, 6, 7, and 8) . Although each of these surfaces is elevated above the modern bench, they are not completely quarantined from their sediment source and could have received boulder deposition after S 2 abandonment. These surfaces were also the only two sampled that overlay rotated or slumped bedrock; this is not expected to affect the measured ages, as the rotation must have occurred prior to boulder deposition. Interfluves were mapped south of the drainage divide, but none containing boulder-mantled surfaces were accessible for this study. One additional sample was assembled by amalgamating desert pavement clasts from a flatiron at the southern site; clasts were collected from a roughly 9 m 2 area about 15 m away from the nearest surface boulder, ensuring that they were most likely deposited as apron sediment and not eroded from surface boulders after their deposition. Each boulder was sampled once, though several boulders were sometimes sampled from a common flatiron.
In order to more precisely constrain evolution of the Coal Cliffs, we also obtained in situ surface exposure ages from the Ferron caprock, underlying Dakota sandstone, and one fluvial terrace. Three Ferron Sandstone samples were collected above the cuesta at the northern site, and eleven total Dakota Sandstone samples (three at the southern site and eight at the northern site) were also obtained. These samples assist our investigation by estimating potential nuclide inheritance in the Ferron Sandstone and by temporally constraining retreat of the Tununk Shale over the Dakota Sandstone. Dakota samples were collected along dip-parallel transects; ages are expected to increase with distance from the modern escarpment, tracking the gradual northwestward migration of the Tununk-Dakota contact. Furthermore, two alluvium samples were collected from a single terrace 22 m above Muddy Creek; one from a basalt boulder likely sourced from the Boulder Mountain lava flows upstream and another from amalgamated sandstone pebbles. Nearby (250-300 m away) S 2 flatirons appear to grade to the level of this terrace, suggesting they may correlate in age.
However, this observation is qualitative, and complex interactions between an actively aggrading apron and an adjacent, contemporaneous stream channel may complicate morphological and stratigraphic relationships at their interface.
Escarpment retreat rates
We calculate potential rates of cuesta retreat by estimating the total escarpment displacement since the onset of apron incision. Five representative flatirons (Figure 3(b) ) were selected between Muddy Creek and Dry Wash (two north of the San Rafael -Dirty Devil River divide and three south) and (Figure 9 ). Flatiron reliefranged from 16 to 40 m above the surrounding bench. Surfaces were extrapolated towards the escarpment, and the former escarpment position was defined to be the intersection of each profile with the dipslope-projected caprock (Gutiérrez et al., 1998; Gutiérrez-Elorza and Martinez, 2001 ).
Sample preparation, measurement, and age calculation 36 Cl samples were prepared at the University of Cincinnati using community standard methods derived from (Stone et al., 1996) , and subsequent AMS measurements were conducted at the Purdue Rare Isotope Measurement (PRIME) Lab at Purdue University. Sample geochemical analyses were conducted by Bureau Veritas Mineral Laboratories in Vancouver, BC.
Measured 36 Cl concentrations were converted to exposure ages using the community standard CRONUS Earth Web Calculator (Marrero et al., 2016 ; http://web1.ittc.ku.edu:8888/ 2.0/). Several different nuclide production rate scaling schemes (ST, Lal, 1991 , Stone, 2000 DE, Desilets et al., 2006; DU, Dunai, 2001; LI, Lifton et al., 2005; LM, Lal, 1991 , Stone, 2000 , Nishiizumi et al., 1989 SA, Lifton et al., 2014; SF, Lifton et al., 2014) are employed by this software, each outputting slightly different exposure ages using identical nuclide concentration inputs. None of our samples varied by more than 15% between scaling schemes, and boulder ages generally varied less than 10%. For the most part, maximum variance is directly proportional to nuclide concentration and similar to the analytical uncertainty of each measurement. Moreover, relative ages between samples remain constant, and our interpretations (see Discussion section below) remain unchanged regardless of which scaling scheme is utilized. We therefore present all exposure ages as scaled by the time-dependent and nuclidedependent parameters of Lifton et al., 2014 (SA) .
Results
Exposure ages
Exposure ages differ significantly between in situ and boulder samples. Flatiron (S 2 ) boulders range between 3.81 ± 0.44 and 46 ± 11 ka (Table I) (Table II) . The majority of flatiron samples range between 20 and 30 ka. The sample of amalgamated clasts yields an age of 22.6 ± 2.5 ka, within the range of flatiron boulder samples. Boulders on interfluve (S 1 ) ridges range from 9.9 ± 1.5 to 11.8 ± 1.6 ka (Table II) , distinctly younger than the majority of flatiron samples. The two stream terrace samples are wildly inconsistent, yielding 125 ± 15 and 20.7 ± 2.1 ka (Table II) from the basalt boulder and amalgamated sandstone pebbles, respectively. Several explanations may reconcile this difference; perhaps the simplest interpretation is that the basalt boulder has been stored upstream of the field area in Muddy Creek alluvium at least since the penultimate glaciation (MIS-6). If true, the amalgamated pebbles should more accurately represent the true age of the terrace, but we withhold this conclusion in the absence of supporting data.
Within the talus flatiron dataset, samples from the northern and southern groups each display a similar distribution of exposure ages (Figure 10 ). The distribution of the seven samples (CCBL-2,3,4,5,6,7, and 8) from the flatiron with rotated bedrock at the southern site is independently similar to the northern and southern groups, confirming that the rotation has had no effect on measured ages. None of these samples yielded ages younger than 19.2 ± 1.8 ka, despite the surface still being connected to the cuesta. Conversely, the two samples (CCBL-20 and CCBL-21) from the flatiron with rotated bedrock at the northern site yielded relatively young ages of 15.0 ± 2.0 and 11.5 ± 1.7 ka, respectively. Cumulative probability diagrams separately plotting the northern group, southern group, and surfaces overlaying rotated bedrock are similar to a combined plot of all flatiron ages ( Figure 11 ): a relatively broad peak roughly centered around 20 ka and several smaller peaks at or less than 10 ka.
Accounting for erosion and inheritance Exposure ages reported above were calculated assuming negligible boulder erosion since deposition. However, erosion can potentially affect measured nuclide concentrations. Depending on sample geochemistry and dominant production mechanisms, both overestimated and underestimated exposure ages can be calculated. For 10 Be, a more commonly employed nuclide, measured ages tend to be falsely young due to the Table III. [Colour figure can be viewed at wileyonlinelibrary.com] predominance of spallation production mechanisms and the monotonic decrease of production rate with depth. However, the production-depth profile for 36 Cl is more complex. While spallation of 40 Ca and 39 K are major 36 Cl production mechanisms, thermal neutron capture of 35 Cl plays an important role as well. This process is effective at greater depths than spallation, and is reduced in the uppermost few centimeters of rock due to neutron leakage effects at the rock-air interface (Gosse and Phillips, 2001 ). The resulting depth-production profile is therefore material-dependent, and not necessarily monotonic across the uppermost 10s of centimeters. The effects of erosion on apparent exposure ages are therefore more difficult to estimate, but are also reduced somewhat compared with the 10 Be system (Gosse and Phillips, 2001 ). We evaluate the magnitude of potential erosional effects in our dataset by calculating exposure ages for endmember samples with a range of hypothetical boulder erosion rates (Figure 12 ). The range of erosion rates is bounded by low rates that return the same exposure age as the zero-erosion case, and high rates resulting in saturated nuclide concentrations from which no exposure age can be calculated.
In general, all samples exhibited the same general pattern. Erosion-corrected exposure ages gradually decrease with increasing erosion rate between 10 and 5 and 10 -2 mm yr -1 , reaching a minimum between 10 and 2 and 10 -1 mm yr , uncorrected exposure ages would be falsely old by up to 20%; this is due to the slight increase in the 36 Cl production profile at shallow depths. Ages then increase with increasing erosion rate until becoming saturated between 10 and 2 and 10 0 mm yr -1
. Both the minimum value and saturation point decrease with increasing zeroerosion exposure age. Some of the oldest boulders follow a marginally different pattern with a slight increase in exposure ages centered at about 10 -4 mm yr -1 . Assuming all boulders are eroding at the same rate, the applicable range of erosion rates is further constrained to be <0.03 mm yr -1 using the saturation point of the oldest boulder sample. The assumption of uniform boulder erosion rates seems reasonable given the similar lithology and uniformity of erosional mechanisms within the sampling area. Since the primary interpretations of this study are dependent on the youngest flatiron and interfluve samples, the effects on their ages are of particular importance. Within the constrained range of erosion rates, analytical uncertainties of these boulders consistently overlap. The greatest divergence from zero erosion values occurs around 0.02 mm yr -1 , which corresponds to several centimeters of net erosion and younger ages than reported in Table I . While boulder erosion introduces a unique set of geological uncertainties, we conclude that the effect on our dataset is similar in magnitude to the analytical errors associated with 36 Cl , the uncertainty due to erosion is additive with analytical uncertainties, and true depositional ages could be up to about 20% younger than measured (see Discussion section below).
Nuclide inheritance presents a problem for most studies utilizing TCN. Many of these stem from uncertainties about the amount of time dated materials have spent residing in other sediment reservoirs. This is particularly problematic when attempting to date glacial moraines (Balco, 2011) and fluvial terraces (Anderson et al., 1996) . Fortunately, talus flatiron boulders are much more straightforward. Surface boulders were deposited by rockfall immediately after detachment, and so inherited nuclides could only have been accumulated while they were part of the in situ caprock.
Within the top few meters of the surface, spallation and thermal neutron capture are the primary production mechanisms of 36 Cl. Since the Ferron Sandstone caprock is several tens of meters thick and apron boulders are sourced from massive beds spread throughout the formation, inheritance from these mechanisms is unlikely to significantly impact many boulder samples.
However, muon capture of 40 Ca plays a more important role at greater depths. Recent work by Braucher et al. (2013) demonstrates that up to rock depths of 25 m with standard density of 2.6 g cm -2 , 36 Cl is produced at a rate of 1.063 ± 0.329 atoms g -1 a -1 . At this rate, several boulder samples could have accumulated their measured concentrations while in situ within a few hundred thousand years after the overlying shales were stripped away. Nevertheless, a significant amount of nuclide concentration must be due to postdepositional spallation and thermal capture over a time interval required to erode up to 60 m of apron sediment and shale, and greater inheritance implies both younger depositional ages and faster erosion rates. Therefore, we recognize muon capture as a potential source of inheritance in our interpretations but do not expect it to significantly alter inferred depositional ages.
Sample rejections
Of the 33 talus flatiron ages, seven do not fall under the large cumulative probability peak centered near 20 ka. If each of these samples reflects a true depositional age, the onset of apron incision and S 2 abandonment must have begun sometime after c. 4 ka, requiring vertical erosion rates up to 15 mm yr -1 in the southern field area. However, we suspect that nuclide concentrations in these samples do not reflect true boulder depositional ages. For many of these samples, this is supported by field evidence.
The two most suspicious samples, CCBL-28 (3.81 ± 0.44 ka) and CCBL-29 (8.21 ± 0.95) are both located on the same flatiron. Here, the apron surface is shaped as a ridge only <1-2 m wide and 7-10 m lower than several adjacent flatirons. Both boulders were precariously perched on the narrow ridge, increasing their potential to have undergone postdepositional rotation. Moreover, CCBL-28 was the smallest (c. 2 m) boulder of the entire dataset, suggesting a high-risk of nuclide loss due to erosion. The flatiron's elevational anomaly and young boulder ages may indicate that a paleo apron gully resided in this location which could have tumbled the boulders or provided higher amounts of cosmic ray shielding. An alternative (and perhaps compatible) explanation may be that these two boulders were not actually deposited on the flatiron surface but rather shallowly buried in the apron sediment and exhumed after the onset of incision. CCBL-17 (7.91 ± 0.99 ka) was collected from a much more fissile lithology than the rest of the samples; thin (< 1 cm) slabs and broken chips were scattered around the boulder, suggesting that nuclides could have been lost to increased erosion. CCBL-20 (15.0 ± 2.0 ka) and CCBL-21 (11.5 ± 1.7 ka) were located on the same flatiron, and both were relatively weathered by gnama pits. Also, this flatiron was still partially connected to the cuesta, permitting the possibility that either may have been deposited after the onset of apron incision. While we may not be able to explain each of these relatively young ages with absolute certainty, we assert that several different, local processes can affect measured ages. Therefore, given the significant cluster of ages spread between c. 18-30 ka, the preponderance of evidence suggests the seven youngest samples do not reflect depositional ages, and we treat them as such in our interpretations below.
Cuesta evolution
Using the oldest interfluve and youngest flatiron sample age in the northern group, we constrain the onset of apron incision between 19.7 ± 2.5 and 11.8 ± 1.6 ka in the northern part of the study area. In the southern study area, we constrain the onset to some time after 19.2 ± 1.8 ka. Without the seven rejected samples, the spread of measured ages is still consistent between the northern and southern groups, suggesting that the onset occurred more or less simultaneously at these locations. In order to facilitate maximum local relief, average erosion rates of 1.1-2.5 mm yr -1 are required at the northern site and >2.8 mm yr -1 at the southern site since the onset of incision.
Retreat distances implied by polynomial equations ranged from 78.8 to 185 m (Table III) . Assuming an onset of apron incision between 19.7 ± 2.5 and 11.8 ± 1.6 ka, retreat rates range from 3.2 to 18.1 mm yr -1 . Retreat rate weakly correlates with flatiron relief, and rates constrained on each individual flatiron do not vary by more than an order of magnitude.
Discussion
Cause and effect
Talus flatiron sequences are created by oscillations between depositional and erosional conditions below escarpments. When deposition outpaces erosion, colluvial sediments build up and aggrade into an apron. Incision of the apron begins once erosion outpaces deposition. The Coal Cliff flatirons were created after a pronounced changeover from depositional to erosional conditions, requiring a major variation in local geomorphic processes. The responsible mechanisms must have affected the area by reducing sediment generation, reducing sediment delivery to the bench, increasing sediment mobilization on the bench, or some combination of these factors.
Our data strongly suggest the debris apron below the Coal Cliffs started to incise and form talus flatirons shortly after the Last Glacial Maximum during the transition from glacial to interglacial conditions ( Figure 13 ). We are cautious not to make a more precise, temporal estimate of the onset for two reasons. First, our 36 Cl exposure ages do not directly date the onset of apron incision but rather constrain it using the latest phase of apron deposition. Second, analytical uncertainties of TCN exposure dating are generally between 10 and 15%, and thus the depositional ages themselves cannot be confidently associated with discrete events at a resolution of about 10 3 years or less. This is further confounded by effects on the exposure age measurements due to boulder erosion; if boulder erosion rates are between 10 and 2 and 10 -1 mm yr -1
, the constrained onset of incision could be up to 20% younger, placing it between c. 16-8 ka. However, even with all of these uncertainties considered, the onset is still largely constrained within the c. 10 kyr-long transition from the Pleistocene to the Holocene.
The correlation in timing between the onset of apron incision and the transition from glacial to interglacial conditions is likely no coincidence. Previous talus flatiron studies have revealed linkages between flatiron formation and regional climate changes, observing that cold/wet periods correlate with depositional phases while warm/dry intervals seem to favor incision (Gutiérrez-Elorza and Martinez, 2001; Gutierrez et al., 2006 Gutierrez et al., , 2010 . The amplitude of these effects is proportional to the magnitude and persistence of climatic change over a given time interval, and hence larger climatic changes will leave a more discernable impact on the landscape. Some of the possible mechanisms facilitating the changeover from apron deposition to incision would have included decreased vegetation or a specific change in floral assemblages (lowering sediment cohesion), decreased frost action and chemical weathering in the caprock (reducing sediment generation), decreased precipitation (reducing both sediment generation and delivery), and also local base level lowering along the transverse streams due to variable hydrological conditions (increasing apron erosion rates via knickpoint propagation and subsequent hillslope steepening). Another possibility is that displacement in the Joes Valley Fault Zone has accelerated erosion along the transverse streams, lowering base level via tectonic mechanisms. The ability of this model to account for a substantial amount of apron incision seems unlikely for several reasons. Dry Wash does not cross the fault zone, so any effects would be confined to Muddy Creek. The Joes Valley graben is upstream of the field area and, therefore, cannot assert any direct base level controls via tectonic subsidence. Besides, offset in the fault zone is dissimilar to the amount of apron incision; assuming a maximum slip rate of 0.2 mm yr -1 (Foley et al., 1986) , the total offset since the onset of apron incision would range between 2.0 and 4.4 m, nearly an order of magnitude less than flatiron relief in either the northern or southern group. Indirect consequences of fault slip, such as increased sediment loading or stream capture, could potentially accelerate incision downstream; theses mechanisms could have contributed to the incision of Muddy Creek, but neither account for synchronous incision along Dry Wash.
Epiorogenic uplift may explain the synchronicity in apron incision between sites but does not account for the different erosion rates over a relatively short distance of 20 km. Furthermore, no such uplift on the order of tens of meters during this time period has been reported in the literature. The lack of any faults within several hundred kilometers downstream discounts any tectonically-generated knickpoints having propagated up from below. However, Cook et al. (2009) note that the prominent knickpoints on the Dirty Devil/Fremont rivers are smaller than others on the ColoradoGreen river network and postulate that the missing portion of this base level signal may have rapidly propagated through the weak Cretaceous shales along Muddy Creek. If correct, this implies that a bottom-up base level signal may have propagated through the southern site and is currently moving through the Wasatch Plateau. However, this signal would not have affected Dry Wash and does not explain simultaneous incision at both the northern and southern sites.
On the other hand, a climatically-driven interpretation of apron incision is much simpler and consistent with field/laboratory data. In particular, it best explains the synchronicity of apron incision between sampling sites. Paleobotanical, paleoclimatic, and modeling data generally agree that both Marine Isotope Stage (MIS) 2 (c. 14-29 ka) and MIS-3 (c. 29-57 ka) were colder and wetter than modern conditions on the Colorado Plateau (Betancourt, 1984 (Betancourt, , 1990 Anderson et al., 1988 Anderson et al., , 2000 Thompson et al., 1993) . Assuming a tropospheric lapse rate of 6.5°C km -1 , altitudinal climate zones at LGM would have been depressed by about 770-920 m relative to today, placing the Coal Cliffs within the pinyon-fir-aspen zone of the modern Wasatch Plateau. Boulders residing on the apron surface were mostly deposited throughout MIS-2, consistent with conclusions of previous studies that deposition is favored during cold and wet intervals. A few ages are within the relatively warmer MIS-3; these samples may be biased by some 36 Cl inheritance, but deposition during this period is not unreasonable since conditions were still cooler and wetter than modern. Moreover, apron deposition must have started well before MIS-2, because the surface boulders only represent the most recent depositional phase. Nonetheless, the predominance of MIS-2 depositional ages is consistent with the findings of other studies concluding that climate is a primary control on talus flatiron formation. Dashed red cumulative probability curve is the sum of all S 2 flatiron samples (n=33, Figure 11 ) and the solid black curve is the sum of all S 2 flatiron samples without the seven rejected depositional ages (n=26). Neither of these curves contains the three S 1 interfluve boulder ages. Benthic δ 18 O curve Furthermore, field observations support the changeover from wet to dry conditions during apron incision. Although one S 2 surface at the southern site is still connected to the cuesta and could have received boulders to this day, all seven samples collected from it 3, 4, 5, 6, 7, and 8 ) range between 19.2 ± 1.8 and 46.7 ± 9.3, implying that boulder detachment significantly decreased by the end of MIS-2. Concurrent with the stage of boulder deposition, debris flows carried material hundreds of meters away from the escarpment. Younger debris flows are not observed on the modern bench, despite an abundance of colluvium stored below the free-face along many sections of the cuesta. Since material is readily available on adequately steep slopes, the cessation of debris flows was likely triggered by a reduction in humidity or precipitation. Once local moisture dropped below a necessary threshold, sediment could no longer become mobilized and remained stagnant after detaching from the caprock. Reduced moisture and higher temperatures also drove the transition from alpine-type foliage to the modern assemblage of juniper and shrubs. This likely decreased the total vegetation density and lowered regolith cohesion on the bench, thereby increasing apron erosion rates.
Cuesta evolution
The spread of in situ Ferron and Dakota samples was generally an order of magnitude greater than that of the flatiron boulders. This difference implies that the shale formations overlying each sandstone unit retreated back from the sampling areas long before the onset of apron incision. However, the expected relationship between distance from the escarpment and Dakota sample age was not observed. This could be explained by several factors, including differential fluvial erosion of the exposed Dakota surface, non-uniform retreat of the Tununk shale, or non-uniform burial of the surface by apron sediments that have been subsequently removed. In any case, the large difference between the spread of boulder and in situ ages reveals that rates of geomorphic change vary substantially between caprock surfaces and sediment reservoirs on the bench. The lack of any flatiron generations older than S 2 remains somewhat enigmatic. Potential explanations include sufficient time between flatiron-forming events to allow complete flatiron degradation and retreat of the Dakota-capped cuesta destroying the flatirons from below. The latter seems feasible, as the S 2 surface extends nearly to the Dakota freeface in many locations, and older flatirons would have been best preserved behind S 2 .
Whether talus flatiron formation was accompanied by a period of substantial cuesta retreat in discrete parts of the field area remains uncertain. A slight correlation between flatiron relief and retreat rate may suggest that increasing the cuesta height increases the flux of material away from the escarpment, perhaps via increased rockfall due to free-face oversteepening. Potential rates of 3.2-18.1 mm yr -1 are up to an order of magnitude faster than those averaged over much longer timescales but comparable with rates derived by GutierrezElorza and Martinez (2001) over a similar period of time. This suggests that retreat may be significantly amplified above normal background rates during glacial-interglacial transitions as changing environmental conditions facilitate the removal of long-lived, glacial stage debris and renew bedrock incision at the cuesta base. For example, at 3.2-18.1 mm yr -1 , the Coal Cliffs could have retreated from the hinge of the San Rafael uplift (40 km southeast) to their current position in 2.2-12.5 Myr; since the longer-term rates could be up to an order of magnitude slower, the actual time required may be several tens of millions of years.
However, while polynomial extrapolations are an acceptable procedure for reconstructing some escarpment profiles (Gutiérrez et al., 1998; Gutiérrez-Elorza and Martinez, 2001) , we are cautious to assume that applying it to the Coal Cliffs is valid. It is conceivable that the upper reaches of the eroded flatiron profiles were shallower than predicted by polynomial functions and actually projected below the modern free-face, implying that the flatirons reflect only a period of vertical erosion unaccompanied by substantial lateral retreat. Along one section of the cuesta, field observations suggest that this has occurred. Just south of where Interstate 70 crosses the Coal Cliffs, flatirons project towards and possibly correlate with a perched, debris-covered surface 100-120 m below the modern free-face (Figure 9 ). While the free-face here may have retreated slightly since the onset of apron erosion, the overall morphology strongly suggests that the escarpment, as a whole, could have effectively remained stationary. Moreover, extrapolations here are complicated by several, relatively resistant layers in the Tununk Shale; these could create convexities in the bedrock-apron sediment contact that would not be predicted by extrapolations. We are, therefore, careful not to assert that former Coal Cliff positions can everywhere be determined using talus flatiron profiles, and further work is required to determine the precise paleo-geometry of the S 2 slopes.
While precise retreat rates remain somewhat elusive, the vertical apron incision rates yield insightful information regarding the cuesta evolution. Climatic changes during the end of the last glacial period appear to have been sufficient to shift the balance between deposition and erosion below the Coal Cliffs, emptying the sediment reservoir on the bench and increasing the height of the cuesta via bedrock incision. If the style and magnitude of local environmental changes were comparable during previous glacial-interglacial transitions, then the capacity of orbitally-controlled climate variations to partially control the pace of talus flatiron formation seems feasible. Assuming this process most closely tracks the 100 ky eccentricity cycle at the Coal Cliffs, the onset of apron deposition would have approximately coincided with the transition from the last interglacial (MIS-5) to the most recent glacial period (MIS-4) at about 71 ka. This may have followed an earlier phase of talus flatiron formation during termination of the penultimate glaciation between c. 120 and 130 ka (MIS-6 transitioning to MIS-5). However, without quantitative age constraints, this remains speculative. Any depositional surfaces older than S 2 have either degraded or were undercut by the retreating, Dakota-capped cuesta, and dating the earliest S 2 sediments was beyond the scope of this study. Although the Coal Cliff flatirons appear to have been climatically controlled, we acknowledge that several other driving forces could initiate flatiron formation elsewhere, including tectonics or autogenic cycles of sediment deposition/starvation. Further inquiry into the relationship between these forces and flatiron formation would do well to utilize a field setting in which flatirons: (a) have accessible, sub-vertical exposures so quantitative ages can be obtained at several stratigraphic levels; and (b) have a sequence of different aged flatiron surfaces to more thoroughly test environmental linkages.
Differences between the northern and southern site Climatic driving forces do not explain the distinct difference in flatiron relief between the northern and southern sites. There is no correlation between sample locations and measured ages, suggesting that boulder deposition was occurring more or less simultaneously at the northern and southern sites, and that the onset of incision at each location was also concurrent. This demands that erosion rates in the south were nearly twice as high as those in the north. The reason for this discrepancy is somewhat perplexing. Neither climatic gradients nor apron sediment characteristics nor bedrock erodibility change significantly between the sites. Minor differences in the Tununk stratigraphy occur at each site, but the rock-type assemblages are largely the same. Caprock thickness has been theorized to control cuesta retreat rates (Schmidt, 1989) , but the Ferron Sandstone is thicker in the south and should reduce erosion rates.
A more reasonable mechanism may arise from differences between the respective transverse streams at each site. The upstream catchment area of the Muddy Creek is an order of magnitude greater than Dry Wash, implying higher discharge and greater sheer stress. Therefore, erosion rates should differ between the two streams, leading to faster base level lowering at the southern site. If the terrace sampled along the southern stream correlates with the S 2 surface and is assumed to have an age of 20.7 ± 2.1 ka (as suggested by amalgamated alluvial pebbles), this implies an incision rate of 0.96-1.18 mm/yr since the onset of incision, slightly less than the apron erosion rates. With the lack of any other reasonable mechanisms, erosional differences between Dry Wash and Muddy creek seem to be the most likely explanation.
Base level controls asserted by the transverse streams may not be unrelated to the climatic driving forces (Gutiérrez et al., 2015) . Variable environmental factors during the glacial-interglacial transition could have increased discharge of both streams, causing them to incise through bedrock at an accelerated rate. Knickpoints would have subsequently propagated along several gullies into the apron. Increased discharge could have been accommodated in several ways. One possibility is that a regional decrease in vegetation density allowed more surface run-off to reach the channels. Another may involve variable hydrological conditions upstream in the Wasatch Plateau. Considering that modern peak discharges are associated with seasonal snow melt, it could be hypothesized that total annual melt increased at the onset of incision. Moreover, glaciers have been recognized to occupy the distal reaches of the southern stream catchment during the last glacial cycle (Spieker and Billings, 1940) ; their destruction could have also increased discharge at this time. One further possibility is that Muddy Creek and Dry Wash are experiencing a period of transience following a local drainage reorganization. The catchment geometry of these two streams within the Blue Gate Shale upstream of the field area appears as though Muddy Creek may have recently captured a reach of Dry Wash previously extending into the Wasatch Plateau, simultaneously accelerating and decreasing erosion rates in those streams, respectively. However, these observations are entirely qualitative and require field evidence to be verified.
MTEs
MTEs serve as another erosional mechanism in response to base level lowering. While knickpoints are confined to apron gullies, MTEs propagate overland across the bench, parallel to cuesta strike. Whether these features contributed to talus flatiron formation is uncertain; all mapped MTEs in the study area are mostly downstream of flatirons and could not have contributed to apron incision further up the bench. However, if the modern MTEs were formed long after the onset of apron incision, it is possible that older ones were active during flatiron formation and are presently stalled along transverse stream drainage divides.
To our knowledge, no previous studies have identified MTEs below cuesta escarpments. We recommend that these features receive more attention in the future, as they may serve a much broader role in regional landscape evolution. Weakly indurated shale formations, such as the Tununk or Blue Gate, act as an ideal medium for their propagation. Where regional drainage divides cross shale benches, such as the Dirty Devil-San Rafael river divide near the northern sampling site, MTEs could feasibly intercept and relocate them, facilitating regional-scale drainage capture. The efficiency of this process must depend on the rate of MTE propagation. Many MTEs are actively eroding the Tununk bench, and their locations of origin are easily identified. However, because their precise ages are unknown, propagation rates cannot yet be calculated.
The late Quaternary story of the Coal Cliffs not only contributes to the understanding of cuesta processes, but also provides insight into the regional evolution of the Colorado Plateau. Exposure age differences between our in situ and boulder samples demonstrate that the erosional response of weakly indurated, late Mesozoic and Tertiary shales to external forcings is rapid compared with many other rocks. Furthermore, MTEs display how effectively these rocks can facilitate drainage divide migration. Cretaceous shales, such as the Tununk, would have been more widespread at the surface shortly following uplift of the Colorado Plateau, perhaps facilitating enhanced divide migration rates and more frequent and larger-scale catchment reorganizations early in its history. The modern, entrenched course of the Colorado River may be the end result of an early history characterized by rapid and frequent changes in its location, flow direction, and basin geometry, gradually becoming more stable as it incised through older, more competent rocks. A complete understanding of how layered, sedimentary regions are affected by these processes requires detailed investigation, particularly via empirically-derived rates of divide migration.
Conclusions
Empirically-derived rates of geomorphic processes are critical to a complete understanding of landscape evolution. Though cuesta escarpments have been a key topic of interest to geomorphologists for nearly a century, surprisingly few datasets have temporally constrained the processes governing their retreat, partly due to the trifling number of methods by which quantitative landform ages can be obtained. This study addresses these problems by creating a new dataset and presenting a new method of constraining rates of cuesta evolution.
The Coal Cliffs cuesta has experienced a complex history of geomorphic evolution over the last 100 ky. The latest depositional phase of its colluvial apron occurred throughout MIS-2 when conditions for colluvial sediment generation and transport were ideal. Apron dissection began shortly after the Last Glacial Maximum as the world began to transition into the Holocene interglacial. Changeover from cold/wet to warm/dry conditions probably facilitated the switch from depositional to erosional conditions below the cuesta, consistent with the findings of previous talus flatiron studies (Gutierrez et al. 1998 (Gutierrez et al. , 2015 . Apron incision rates (1.1-2.5 mm yr -1 at the northern site and >2.8 mm yr -1 at the southern site) were partially controlled by local base level as transverse stream incision rates accelerated. Cuesta retreat rates of 3.2-18.1 mm yr -1 are implied by boulder depositional ages, but these rates are subject to uncertainties regarding paleomorphology of the S 2 flatiron surface. Contrasting erosion rates between Muddy Creek and Dry Wash created talus flatirons with dissimilar topographic relief at the southern and northern sampling sites, respectively. These results suggest that orbitally-controlled variations in Earth's climate may partially modulate retreat of the Coal Cliffs by removing stored sediment at their base during glacial-interglacial transitions and increasing their height by exposing bedrock at the base of the escarpment to erosion.
